Introduction
From mammals to the simplest metazoans, the Notch signal transduction pathway is a highly conserved signaling mechanism that is vital for embryonic development, patterning and boundary formation, as well as adult cellular homeostasis (Artavanis-Tsakonas et al., 1999) . Notch signaling occurs between adjacent cells often resulting in the specification of different cell types from equivalent progenitor cells (Tanigaki and Honjo, 2007) . In addition to differentiation, Notch also has important roles in cellular proliferation, hypoxia, apoptosis and establishing the stem-cell niche (Kimble and Crittenden, 2007; Ruas et al., 2007) . The Notch pathway is regulated at multiple levels-outside of the cell, in the cytoplasm and within the nucleus-the importance of which is emphasized by the prevalence of misregulated Notch signaling and its intimate association with human disease. Aberrant Notch signaling underlies the pathogenesis of developmental disorders, cardiovascular defects and cancer (Gridley, 2003; Miele et al., 2006; High and Epstein, 2008) . In general, constitutively active Notch signaling is oncogenic; however, in at least one case, Notch acts as a tumor suppressor (Koch and Radtke, 2007) .
Initiation of signaling occurs outside of the cell when the extracellular domain of the receptor Notch (also known as Lin-12 and Glp-1 in worms) interacts with a DSL (Delta, Serrate, Lag-2) ligand on a neighboring cell (Bray, 2006) . Complexation with DSL triggers two proteolytic cleavages within Notch-the first is extracellular, removing the majority of its extracellular domains; the second is within the transmembrane region, freeing the intracellular domain of Notch (NotchIC) from the plasma membrane (Bray, 2006) . Subsequently, NotchIC translocates to the nucleus and forms a ternary complex with the DNA-binding transcription factor CSL (CBF-1, Su(H), Lag-1) and the transcriptional coactivator Mastermind (also known as Sel-8/Lag-3 in worms; Petcherski and Kimble, 2000a, b; Wu et al., 2000) . Formation of the CSLNotchIC-Mastermind ternary complex is obligatory to activating transcription from Notch target genes. The DNA-bound ternary complex is thought to activate transcription by recruiting the general transcription factors CBP/p300 and PCAF through direct interactions with Mastermind and NotchIC, respectively, leading to the acetylation of chromatin (Kurooka and Honjo, 2000; Fryer et al., 2002; Wallberg et al., 2002) . Activation is terminated by ubiquitin-ligase-mediated degradation of NotchIC, which is facilitated by Mastermind and presumably leads to disassembly of the ternary complex (Fryer et al., 2004) . In addition to its role in transcriptional activation, CSL also has important roles in repression of transcription from Notch-responsive genes (Bray and Furriols, 2001) . Although the molecular details of CSL-mediated repression are poorly understood, CSL has been shown to interact with the corepressors SMRT, MINT, Hairless, KyoT2 and CIR, which recruit multiprotein repression complexes such as HDAC1, HDAC2, mSin3, TLE/ Groucho and CtBP (Lai, 2002) . In contrast to its indispensable role in activating transcription, it is not clear that the repressive function of CSL is absolutely required for proper regulation of transcription from all Notch target genes (Christensen et al., 1996; Bray and Furriols, 2001) .
Previous genetic, biochemical and cellular studies of Notch pathway transcription complexes have identified the key constituents and defined the important domains and interacting regions that are necessary for complex formation (Mumm and Kopan, 2000) . This body of work has provided the field with robust working models for how assembly and disassembly of various complexes underlies the regulation of transcription in the Notch pathway (Mumm and Kopan, 2000) . Until recently, however, what has been lacking in the field is a comprehensive biophysical analysis of Notch pathway transcription complexes. The quantitative data provided by the structural, thermodynamic and computational characterization of these complexes, would afford an additional level of detail and likely impact our understanding of how transcription regulation is achieved in the Notch pathway. Beginning with a short overview for the known structures of Notch pathway transcription complexes ( Figure 1 and Table 1 ), this review primarily focuses on the assembly of the transcriptionally active CSL-NotchIC-Mastermind ternary complex, and in particular, the detailed molecular insights gleaned from several recent biophysical investigations into the individual components and their assembly into the ternary complex.
Structural biology of Notch pathway transcription complexes
To date, there have been six crystal structures determined of CSL-mediated transcription complexes (summarized in Table 1 )-four of these complexes are composed of Notch pathway components from Caenorhabditis elegans and two from mammalian components (human and murine; Kovall and Hendrickson, 2004; Nam et al., 2006; Wilson and Kovall, 2006; Friedmann et al., 2008) . In addition, there have been several structures determined for the isolated ankyrin repeats domain (ANK) of NotchIC from flies and mammals (Zweifel et al., 2003; Ehebauer et al., 2005; Lubman et al., 2005) . All CSL proteins contain a threedomain conserved core-NTD (N-terminal domain), BTD (b-trefoil domain), and CTD (C-terminal domain), with N-and C-terminal extensions of varying length between organisms that are neither conserved nor required for any known function of CSL (Kovall and Hendrickson, 2004) . NTD and CTD are primarily b in structure, folding into immunoglobulin-like domains with considerable structural and functional similarity to the RHR-N and RHR-C domains of the Rel family of transcription factors, for example nuclear factor (NF)-kB. In contrast to the prototypical topology of Rel proteins (RHR-N followed by RHR-C), CSL has a novel architecture, in which the BTD is inserted between NTD and CTD (Kovall and Hendrickson, 2004) . BTD is also primarily b in structure, deriving its Assembly of Notch pathway transcription complexes RA Kovall name from the pseudo three-fold symmetry of the b strands that compose this domain. The NTD and BTD function in concert to bind and specifically recognize DNA, making contacts in the major and minor groove, respectively (Kovall and Hendrickson, 2004) . NotchIC is a modular multidomain protein; however, only its RAM (RBP-J associated molecule) and ANK domains are required for interaction with CSL and Mastermind (Nam, 2003) . RAM is loosely defined as an approximately 100-residue region between the g-secretase cleavage site and the ANK domain of NotchIC (Tamura et al., 1995) . RAM binds the BTD of CSL, but only the first B20 residues of RAM are necessary and sufficient for this interaction (Hsieh et al., 1996; Wilson and Kovall, 2006; Lubman et al., 2007) . The ANK domain follows RAM in the primary sequence of NotchIC, wherein ANK consists of seven canonical ankyrin repeats with a noncanonical eighth repeat capping the N-terminal first repeat (Zweifel et al., 2003; Wilson and Kovall, 2006) . Each ankyrin repeat is composed of two a helices connected by a short turn followed by a b-hairpin motif (Mosavi et al., 2004) . Structures of ANK have been determined both in isolation, and in complex with CSL and Mastermind (Table 1) . ANK repeats 2-7 form a rigid structure that is essentially unchanged when ANK from isolated and complex structures are compared; however, the folding of both repeat one and the capping repeat are likely linked to formation of the CSL-NotchIC-Mastermind ternary complex Wilson and Kovall, 2006) .
Mastermind proteins are approximately 1000 residues in length, but only a short N-terminal B55 residue fragment of Mastermind is required for interacting with CSL and NotchIC (Petcherski and Kimble, 2000b; Nam et al., 2003) . The C-terminal portion of Mastermind is important for interacting with CBP/p300 and activating transcription (Fryer et al., 2002) , as C-terminal truncations of Mastermind have a dominant-negative phenotype in vivo, that is the ternary complex can form, but cannot activate transcription (Wu et al., 2000) . Mastermind adopts a bent helical structure when complexed with CSL and NotchIC; its N-terminal helical region forms a tripartite interaction with CTD and ANK and its C-terminal helix binds NTD Wilson and Kovall, 2006) . In order to accommodate binding of the C-terminal Mastermind helix, a b-hairpin loop structure in NTD (NTD-loop) assumes an open conformation in both human and worm ternary complex structures; whereas, in the worm CSL-DNA structure without NotchIC and Mastermind bound, the loop is in a closed conformation that sterically occludes Mastermind from binding.
Following the determination of structures for CSL-DNA and CSL-NotchIC-Mastermind-DNA complexes, a hitherto unresolved question was, how does the NotchIC RAM domain function in ternary complex assembly? All NotchIC proteins contain RAM, suggesting an important conserved function; however, several groups have previously shown that RAM is dispensable for activating transcription and ternary complex assembly when ANK is overexpressed (Roehl et al., 1996; Kurooka et al., 1998; Aster et al., 2000; Jeffries et al., 2002; Nam et al., 2003) . The question of RAM function and dispensability was further contrasted in the two ternary complex structures, as the worm complex contained RAM and the human complex did not Wilson and Kovall, 2006) . Subsequently, several studies have focused on resolving this question, utilizing structural, thermodynamic, spectroscopic, biochemical and computational approaches to characterize the NotchIC RAM domain, its interaction with CSL, and the role it plays in assembly of the ternary complex.
RAM structure: crystallography
Recently, two crystal structures of worm CSL-RAM-DNA complexes were determined, as well as a structure Abbreviations: ANK, ankyrin repeats domain; CSL, CBF-1, Su(H), LAG-1; CBF-1, C promoter binding factor 1; PDB, Protein Data Bank.
Assembly of Notch pathway transcription complexes RA Kovall of the murine CSL-DNA complex (Friedmann et al., 2008) . In a comparative study, these new CSL structures were overlayed with previously determined structures in an effort to dissect the structural details that result from RAM binding to CSL (Figure 2 ). The first notable observation from these studies was that the molecular interactions that are formed between the RAM domain of NotchIC and the BTD of CSL are essentially identical between the two new worm CSL-RAM-DNA complexes and the worm CSL-NotchIC-Mastermind ternary complex structure (Friedmann et al., 2008) . Thus, the conformation of RAM when bound to CSL is not influenced by other domains of NotchIC or Mastermind. More importantly, however, was the conformation of the NTD loop in the CSL-RAM-DNA structures, and how it compared to the closed and open conformations observed in the CSL-DNA (coregulatorfree) and CSL-NotchIC-Mastermind-DNA structures, respectively. Surprisingly, for both of the worm CSL-RAM complexes the NTD loop adopted an open conformation similar to what was observed in the ternary complex structures. This structural observation suggested that RAM binding to the BTD of CSL triggers a long-range allosteric change in the NTD (Friedmann et al., 2008) . The likely functional significance of this RAM-induced allosteric change would be the creation of the docking site on CSL for the Cterminal helix of Mastermind to bind. The next pertinent question was whether the opening and closing of the NTD loop in response to RAM is observed for the mammalian CSL proteins as well, which would suggest that the allosteric mechanism is conserved. Although the authors were unable to determine the structure of a mammalian CSL-RAM-DNA complex, they were able to determine the structure of a mouse CSL-DNA complex that could then be compared to the human CSL structure from the CSL-NotchIC-Mastermind ternary complex (Friedmann et al., 2008) . On the basis of the worm CSL structures, the prediction would be that the NTD loop from the coregulator-free mouse CSL-DNA structure would be in a closed conformation, and in fact, that is exactly what was observed for the mouse CSL-DNA complex. Subsequently, the authors used EMSA (electrophoretic mobility shift assay) to directly test the functional significance of their structural findings for RAM, and the opening and closing of the NTD loop (Friedmann et al., 2008) . In particular, EMSA was used to address the question, can a peptide corresponding to RAM act in trans, facilitating formation of a complex composed of CSL, ANK and Mastermind? For the worm Notch pathway components, a CSL-ANK-Mastermind complex could only be formed if the RAM peptide was present, as CSL, ANK and Mastermind could not form a ternary complex at all concentrations tested, even with excess ANK (Friedmann et al., 2008) . It should be mentioned that previous experiments performed in worms demonstrated that NotchIC ANK could signal in the absence of RAM (Roehl et al., 1996) , which is seemingly in conflict with the above EMSA results; however, due to technical limitations of worm ANK for the EMSA experiments, it was not possible to test for ternary complex assembly with ANK in vast excess (>10-fold), which was likely achieved in the overexpression of ANK in vivo. For the mouse Notch pathway components, a CSL-ANK-Mastermind ternary complex could be formed in the absence of the RAM peptide, albeit inefficiently and consistent with what was previously reported in the literature (Nam, 2003) ; however, there was substantial enhancement in ternary complex formation in the presence of the RAM peptide (Friedmann et al., 2008) . Taken together, the EMSA functional data and the observations from the worm and mammalian CSL structures illuminated a novel role for RAM in ternary complex assembly-RAM binding to the BTD of CSL produces a distal conformational change in the NTD loop, forming the docking site for the C-terminal helix of Mastermind (Friedmann et al., 2008) .
RAM structure: spectroscopy
In a completely different set of experiments, the structure and function of RAM was investigated with spectroscopic and computational methods for NotchIC constructs from flies (Bertagna et al., 2008) . Through the use of far-UV circular dichroism (CD), which probes for secondary structure content, the authors showed that RAM has very little or no secondary structure in the absence of a binding partner (Bertagna et al., 2008) . This result for fly RAM was consistent with a previous far-UV CD result for human RAM (Nam, 2003) . In addition to having no measurable secondary structure, the authors demonstrated that RAM does not form a rigid tertiary structure, as examined by near-UV CD experiments (Bertagna et al., 2008) . The authors also showed that the intrinsic tryptophan fluorescence signal from RAM was consistent with those residues being highly solvated (Bertagna et al., 2008) . Taken together, these data strongly suggest that prior to interacting with CSL, the RAM domain of NotchIC is an unstructured random coil; however, as shown in the worm ternary complex structure, upon binding to the BTD of CSL B20 residues of RAM become ordered, forming a rigid structure.
This raises the question then of what is the function for the intervening B70 residues of RAM that lie between where RAM interacts with the BTD and where the ANK domain of NotchIC begins? The worm ternary complex structure, which contained RAM, but lacked any electron density corresponding to the intervening B70 residues (Wilson and Kovall, 2006) , in conjunction with the aforementioned RAM spectroscopy data (Bertagna et al., 2008) , strongly suggest that this intervening region of RAM is unstructured in the ternary complex as well. An interesting observation made by Bertagna et al., 2008 is that although the intervening sequence of RAM is not highly conserved between Notch orthologs and paralogs, the length of the intervening region is conserved. This is in stark contrast to the tail region of NotchIC, that is residues C-terminal to the ANK domain, in which neither the primary sequence nor the length is conserved. Consequently, the authors modeled the intervening RAM residues using a polymer chain model (Bertagna et al., 2008) . This approach treats each intervening RAM residue as an equivalent link in the polymer chain. This computational modeling of RAM then provides a distribution of the most likely distances between the first and last links in the chain. Strikingly, modeling RAM in this manner predicted that the likely distance spanned by the intervening residues of RAM is B50 Å , which accurately corresponds to the distance between RAM and ANK, as observed in the CSL-NotchIC-Mastermind ternary complex structures. Moreover, the polymer chain model allows for the calculation of an effective concentration, which in this case would be the local concentration of ANK, as a function of being tethered to CSL by a defined length of RAM. Bertagna et al. (2008) calculated the effective concentration of ANK to be B0.5 mM when ANK is tethered to CSL. Taken together, these data suggest that the length of the RAM domain has been conserved in order to optimize the distance and effective concentration of ANK for subsequently interacting with the CTD of CSL. More importantly, the increased local concentration of ANK afforded by RAM would likely facilitate the formation of even low-affinity interactions between CSL and ANK (Bertagna et al., 2008) .
Quantitative analysis of CSL-NotchIC binding reactions
Another important step in understanding at the molecular level how the active CSL-NotchIC-Mastermind transcription complex assembles is to quantitatively determine the binding affinities for the proteinprotein interfaces observed in the crystal structures, for example RAM-BTD, RAM-CSL, RAMANK-CSL, ANK-CSL and so on. Three groups have independently reported the energetics and affinities that underlie complexes formed between CSL and NotchIC (Lubman et al., 2007; Delbianco et al., 2008; Friedmann et al., 2008) . These studies used isothermal titration calorimetry (ITC) and fluorescence resonance energy transfer (FRET) with purified recombinant components to assay binding and the results of these binding studies are reviewed in Figure 3 . Using Notch pathway components from mammals, Lubman et al. (2007) characterized the interaction of the isolated BTD from CSL with constructs of RAM and RAMANK. Friedmann et al. (2008) focused on the characterization of core CSL (NTD-BTD-CTD) binding to constructs of RAM and RAMANK for components from worm and mouse. Delbianco et al. (2008) developed a FRET assay to characterize NotchIC interactions with CSL, in which the donor fluorophore was covalently linked to NotchIC and the acceptor fluorophore was incorporated into a piece of double-stranded DNA containing a single CSL binding site. Overall, the results from the three studies are remarkably consistent, considering the differences in reagents, experimental conditions and methods utilized to analyse binding, and can be summarized as follows (Figure 3) . The complex formed between the RAM domain of NotchIC and the BTD of CSL is a highaffinity interaction, with a K d in the mid-to highnanomolar range, as shown by Lubman et al. (2007) and Friedmann et al. (2008) . In contrast, the ANK domain of NotchIC forms an extremely weak, but measurable, interaction with CSL (Delbianco et al., 2008) . Using FRET, Delbianco et al. (2008) were able to measure the ANK-CSL interaction, but could only estimate a X20 mM K d for complex formation because the reaction was not saturable. Consistent with a weak interaction between ANK and CSL, RAMANK binding to CSL showed a slight enhancement in affinity when compared to RAM alone, and more convincingly, a RAMANK construct with multiple ANK mutations showed a decrease in affinity for CSL (Delbianco et al., 2008) . Using ITC, Friedmann et al. (2008) were unable to directly measure the ANK-CSL reaction, as no heat was produced or consumed during the binding experiment; however, comparison of ITC binding reactions for RAM and RAMANK with CSL show a small difference in affinity that was larger than the error in the measurements and therefore could be ascribed to additional binding energy provided by ANK.
CSL-ANK: a paradoxical complex
Assessment of the CSL-ANK binding data with the interface that is formed between ANK and the CTD of CSL, as revealed by both worm and human CSLNotchIC-Mastermind ternary complex structures, raises an interesting conundrum. On one hand, complexation of CSL and ANK buries a substantial amount of surface area: B1100 and B1600 Å 2 for human and worm complexes, respectively (Protein Interfaces, Surfaces and Assemblies (PISA) server used to calculate buried surface area; Krissinel and Henrick, 2007) . Burial of >1000 Å 2 is consistent with a high-affinity interaction. An apt comparison is the association between NF-kB, a Rel family transcription factor, and IkB, an ankyrin repeat protein, which forms a high-affinity complex with a K d B2.2 nM and buries B1400 Å 2 (Jacobs and Harrison, 1998; Bergqvist et al., 2006) . On the other hand, the binding data for CSL-ANK complexes reported from multiple groups, clearly demonstrates that this interaction is weak to the point where it is almost unmeasurable. This raises the question of how can these seemingly two incongruous results be reconciled? We put forward a speculative hypothesis that addresses the paradoxical CSL-ANK complex, but ultimately remains to be confirmed. If we first consider the familiar equation for the free energy of binding (DG1), DG1 ¼ ÀRT lnK a (R is the ideal gas constant, T is the temperature and K a is the association constant) then the weak CSL-ANK interaction, as measured by Delbianco et al., gives a modest association constant (K a B10 4 M
À1
) and free energy of binding (DG1BÀ6 kcal/mol), recalling that a large and negative free energy is associated with a thermodynamically favorable reaction. For comparison, the high-affinity CSL-RAM domain interaction is 1000-fold stronger, with an association constant and free energy of binding of approximately 10 7 M À1 and À10 kcal/mol, respectively (Figure 3) . We then consider the modest free energy of binding for the CSL-ANK complex in the context of the other well-known equation relating the free energy of binding (DG1) to the enthalpy (DH1) and entropy (DS1) of binding.
There are two extremes by which a large and negative, that is favorable, free energy of binding (DG1) could be achieved-first, through a large and negative enthalpy of binding (DH1), which could be generated from extensive ionic, hydrogen-bonding, van der Waals and hydrophobic interactions formed upon complex formation; and second, through a large and positive entropy of binding (DS1), where the overall disorder of the system increases. From the extensive CSL-ANK interface observed in the complex crystal structures, which is composed of numerous ionic, hydrogen bonding, van der Waals and hydrophobic contacts, we would expect a large and negative enthalpy of binding (DH1). Similarly, formation of the IkB/NF-kB complex is also associated with a large and negative enthalpy of binding (Bergqvist et al., 2006) . Therefore, given the extensive CSL-ANK interface, which is likely associated with a pro-complex forming enthalpic contribution, that is large and negative DH1, a large and negative entropy of binding (DS1), that is an entropic penalty, is required to coincide with the modest free energy of binding observed for the CSL-ANK complex.
If this assumption regarding the enthalpy and entropy of binding is correct, the next question becomes what is the source of the large entropic penalty? One possibility is that binding is linked to a sizeable folding transition, in which extensive portions of either CSL or ANK are disordered/unfolded, but become ordered/ folded upon complex formation. Although the structures of ankyrin repeat proteins suggest that these are rigidly folded molecules, comparison of the structure of free ANK with ANK from the CSL-NotchICMastermind ternary complex structures reveals some degree of coupled folding with binding Wilson and Kovall, 2006) . The capping and first repeat of ANK become folded upon formation of the ternary complex, suggesting that the folding of these repeats is linked to binding; however, it seems unlikely that the folding of these two repeats is the source of the entire entropic penalty, as the ternary complex can be formed in the absence of the capping repeat (Nam, 2003) . Rather we propose, based on structural observations of CSL-DNA complexes described below, that the CTD of CSL undergoes a substantial folding event that is coupled to binding ANK of NotchIC.
Induced folding of the CTD
Prior to the determination of the worm and human CSL-NotchIC-Mastermind ternary complex structures, the function for the CTD of CSL was unclear. These two structures unambiguously showed that CTD simultaneously mediates protein-protein interactions with Mastermind and ANK, establishing a central role for CTD in forming the active transcription complex. In these ternary complex structures, the CTD is a wellordered and folded domain when complexed with ANK and Mastermind. However, over the course of our structural studies of isolated CSL or CSL-RAM complexes for both worm and mouse, we have observed substantial variation in the degree of folding and order within CTD that is likely dependent on crystal lattice contacts. In fact, the extent to which CTD is folded and ordered in any crystal structure, as judged by the corresponding electron density for CTD, correlates well with the amount of surface area buried by CTD within the crystalline lattice (Figure 4 ). For one striking example, in which CTD makes very few crystal lattice contacts, the CTD appears almost entirely disordered/ unfolded (Figure 4d ). These data suggest that the CTD is largely unstructured in the absence of a binding partner; however, upon formation of the ternary complex, CTD undergoes coupled folding/binding upon complexation with ANK. Moreover, we put forward that the coupled folding/binding of CTD is the source of the putative entropic penalty that must be overcome in order for the CSL-ANK complex to form. The linked folding/binding for the CTD of CSL seems to be a feature unique to CSL and not a general feature of the RHR-C domains for other Rel family transcription factors. This raises an additional question, what function if any, does the coupled folding/binding of CTD confer on CSL-mediated transcription complexes? In other systems of intrinsically unfolded proteins, it has been shown that one advantage of coupling folding with binding is the capability of being able to recognize multiple binding partners with high specificity and minimal energetic cost (Dyson and Wright, 2005) . This is an intriguing possibility for transcriptional regulatory mechanisms in the Notch pathway, as the CTD of CSL must interact with multiple Notch orthologs and may have expanded roles in interacting with corepressors and other transcriptional coregulators. In support of this notion, preliminary binding data from our laboratory suggests that some, but not all corepressors tested, interact with the CTD of CSL.
Conclusions and future considerations
For canonical Notch signaling, extracellular receptorligand interactions result in upregulation of transcription from Notch target genes. Formation of the transcriptionally active CSL-NotchIC-Mastermind ternary complex is essential for transducing the Notch signal into a transcriptional response. Recent biophysical studies of CSL mediated transcription complexes have provided extraordinary molecular insights into the assembly of Notch pathway transcription complexes, but have also raised additional perplexing questions. Why is the assembly of three proteins-CSL, NotchIC, and Mastermind-to form an active transcription complex so complicated? Certainly the answer to that question is well beyond the scope of this review and our current knowledge for the inner workings of Notch signaling. However, considering that disassembly of the CSL-NotchIC-Mastermind ternary complex is regulated by at least two independent pathways of proteolytic degradation of NotchIC and mutation of these degrons in NotchIC are associated with oncogenesis (Fryer et al., 2004; Weng et al., 2004; Chiang et al., 2006) , it is perhaps not far fetched to imagine that the complicated assembly of the CSL-NotchIC-Mastermind ternary complex is a type of regulatory mechanism that prevents spurious transcription from Notch target genes. Although the induced folding/binding hypothesis for CTD remains to be substantiated, a germane question, nevertheless, regarding assembly of the active CSLNotchIC-Mastermind transcription complex is whether assembly of the ternary complex is the same for CSL proteins that are bound by corepressors as it is for free CSL proteins in the nucleoplasm. This question is complicated by contradictory data in the literature regarding the bound state of CSL proteins in the nucleus; in one example, fractionation of nuclear extracts suggest there is a substantial pool of unbound CSL molecules in the nucleoplasm (Jeffries et al., 2002) ; in another example, the targeting of CSL to the nucleus is dependent on interactions with the corepressor SMRT (Zhou and Hayward, 2001 ). This is a particularly relevant question in light of corepressors potentially binding the CTD of CSL, as a CTD bound corepressor may reduce the entropic penalty for subsequent ANK binding to CSL, thereby enhancing the affinity of ANK for CSL.
In summary, we consider a revised model for the assembly of the active CSL-NotchIC-Mastermind transcription complex that takes into account the aforementioned biophysical studies. Upon pathway activation, the high-affinity RAM-CSL interaction targets NotchIC to CSL and CSL-corepressor complexes both free in the nucleoplasm and bound to target gene DNA. Exactly how assembly proceeds from a CSL-corepressor complex and how corepressors are removed from CSL are still very much open questions in the field. The structure-function data from Friedmann et al. (2008) show that RAM binding to the BTD of CSL produces an allosteric change in the NTD-opening the NTD loop, the function of which is to create one-half of the docking site required for Mastermind to bind to the complex. Following RAM binding, the study by Figure shows 2Fo -Fc electron density, contoured at 2s, corresponding to the CTD of CBF-1, Su(H), Lag-1 (CSL) for structures: worm CSL-DNA complex (a), mouse CSL-DNA complex (b), worm CSL-RAM-DNA complex from P2 1 2 1 2 1 crystal (c) and worm CSL-RAM-DNA complex from C222 1 crystal (d). Structures are labeled with corresponding three-letter PDB identifier. The amount of surface area buried in crystal lattice contacts by the CTD is denoted in squared-angstroms (Å 2 ) for each structure and was calculated using the PISA server (Krissinel and Henrick, 2007) . It should be mentioned that the amount of buried surface area is likely overestimated in (d), as regions of the CTD that have no corresponding electron density were not removed prior to the buried surface area calculation. The total electron density observed for the CTD from each structure generally correlates with the amount of buried surface area, and is indicative of the amount of order or folding for the domain. This suggests that the crystal lattice contacts are strongly influencing the folding of the CTD, and in the absence of substantial lattice interactions, the CTD appears largely unfolded, that is weakly observed electron density, as exemplified in (d). Bertagna et al. (2008) demonstrated that the conserved length of RAM, although unstructured, nevertheless increases the local concentration of ANK and positions it for subsequent complexation with CTD, in order to facilitate the very weak ANK-CTD interaction, as measured by Delbianco et al. (2008) . Following the opening of the NTD loop and formation of the CSL-ANK interface, these molecular events create the complete docking site for Mastermind to bind to the complex.
